Covalent donor-acceptor (D-A) systems have significantly contributed to the development of many organic materials and to molecular electronics. Tetrathiafulvalene (TTF) represents one of the most widely studied donor precursors and has been incorporated into the structure of many D-A derivatives with the objective of obtaining redox control and modulation of the intramolecular charge transfer (ICT), in order to address switchable emissive systems and to take advantage of its propensity to form regular stacks in the solid state. In this review, we focus on the main families of non-fused TTF-acceptors, which are classified according to the nature of the acceptor: nitrogen-containing heterocycles, BODIPY, perylenes and electron poor unsaturated hydrocarbons, as well as radical acceptors. We describe herein the most representative members of each family with a brief mention of their synthesis and a special focus on their D-A characteristics. Special attention is given to ICT and its modulation, fluorescence quenching and switching, photoconductivity, bistability and spin distribution by discussing and comparing spectroscopic and electrochemical features, photophysical properties, solid-state properties and theoretical calculations.
Introduction
Covalent donor-acceptor systems have long attracted significant interest due to their involvement in electron transfer processes in biology [1] [2] [3] and as they constitute valuable precursors for many organic materials, with applications in fields such as photovoltaics, nonlinear optics and molecular electronics.
in donor-acceptor (D-A) systems. The manifold interest in TTF-acceptor systems is primarily at the stage of fundamental research, as in such compounds there is, for example, the possibility to modulate the intramolecular charge transfer with the oxidation state of TTF, which can afford electrochromic and/or tuneable emission properties, or can allow obtaining peculiar architectures in the solid state with either segregation or alternation of the donors and acceptors. 11 The interest in the latter feature is related to the possibility of observing charge separation and photoconductivity, 12 and hence has potential in the fields of photovoltaics 13, 14 or molecular electronics. 11, 15 However, the first highlighted potential application of a covalent donor-acceptor derivative was the molecular rectifier, 16 theoretically postulated by Aviram and Ratner in a hypothetical system consisting of a TTF donor and a tetracyanoquinodimethane (TCNQ) acceptor separated by a s-bridge (Scheme 1). 17 Because of some synthesis issues, it took more than twenty years after this theoretical prediction for covalently linked TTF-TCNQ or TTF-TCNAQ (TCNAQ = tetracyanoanthraquinodimethane) compounds to be described and properly characterized. Some of the first such examples consist of TTF-TCNAQ systems 2 and derivatives, as reported by Bryce et al., 18 and 3, as reported by Liu et al., 19 while in compound 4, as described by Martin et al., 20 TTF was replaced by extended-TTF (ext-TTF) and a conjugated linkage between the two units was preserved. Both flexible 5 and rigid 6 TTF-s-TCNQ systems possessing small HOMO-LUMO gaps were described by Bryce and Perepichka et al. 21 and Khodorkovsky et al., 22 respectively. Finally, Rovira et al. reported the first fully conjugated TCNQ-TTF-TCNQ 7, 23 in which the radical anion obtained by a one-electron reduction was a class II mixed valence species thanks to communication through the TTF bridge. Across this short historical saga of TTF-TCNQ, we wanted to point out a very illustrative scientific process, originating from a hypothesis that evolved towards other numerous other directions, constituting the molecular electronics field, 24 and motivated an enormous amount of experimental work 25 that eventually provided several covalent TTF-TCNQ systems. Although molecular rectification was not reported in any of the latter reports, their synthesis and investigations stimulated along the years many attempts at the covalent association of TTF and ext-TTF units to a large diversity of acceptors within fused and non-fused derivatives. 11, [26] [27] [28] Remarkably, inspired by Aviram and Ratner's prediction, Bryce, Perepichka and colleagues prepared a TTF-s-trinitrofluorene system 29 showing molecular rectification behaviour. 30 TTF-acceptor systems published before 2004 were reviewed by Bendikov, Wudl and Perepichka, 11 while the more recent reviews by Martín et al. 27 and Liu et al. 28 deal with ext-TTF-acceptors and fused TTFacceptors. In this review, we focus on several recent representative families of non-fused covalently linked TTF-acceptors, classified according to the chemical nature of the acceptor, with an aim to highlight some of their most peculiar features.
ways (Scheme 2). Simple pyridines are poor electron acceptors and therefore they are not expected to favour massive intramolecular charge transfer when attached to TTF units. This was confirmed by the relatively high energy charge transfer bands at l = 400-440 nm ( 35 and 12b. 37 The position of these bands slightly shifts with the polarity of the solvent and the connectivity of pyridine in the ortho, meta or para position, with the latter generally showing the strongest effect. The corresponding transitions are assigned to HOMO -LUMO excitations, with the HOMO clearly based on TTF, while the LUMO spans over the Py units, with a non-negligible contribution from the TTF half bearing the acceptor ( Fig. 1  for 8a-b) . The calculated HOMO-LUMO gaps depend on the basis set and the inclusion or not of a solvation model (Table 1) and correlate more or less with the experimental values.
The optimized structures show co-planarity between the TTF and Py units, thus allowing conjugation and a more efficient charge transfer. When conjugated spacers are introduced, as in 10 and 11, the theoretical HOMO-LUMO gap and the maximum of the CT band differ very little when comparing the ethenyl and ethynyl bridges (Table 1 and Fig. 2 ).
Cyclic voltammetry measurements show the classical pair of reversible oxidation waves at potentials anodically shifted with respect to the unsubstituted TTFs (Table 1) . However, the common feature of these systems is the massive bathochromic shift (B135-150 nm) of the ICT band upon protonation, mainly as a consequence of strongly decreasing the energy of LUMO, which is now mostly developed over the pyridinium unit (Fig. 1 ). For example, the titration of 8c with p-toluene-sulfonic acid resulted in a red-shift of 136 nm for the ICT (Fig. 3) , 32 which is in agreement with the much smaller calculated HOMO-LUMO gap, although the latter seems underestimated (Table 1 ) when compared to the experimental value. More accurate values were obtained for 8a-b using a solvation model. Interestingly, compounds 10, 11 and 12a proved to be very efficient for the selective colorimetric detection of Pb
2+
, showing bathochromic shifts of 70, 36 and 117 nm, respectively (Table 1 and Fig. 4 for 10 e B3LYP/6-31G. f B3LYP/6-31G (d) . g B3LYP/6-31G(d,p). and the band is generally red-shifted when compared to the directly linked compounds previously discussed. The replacement of Py by Py-oxide in 15 provokes a slight bathochromic shift of the ICT, supported by DFT calculations, 39 due to a lowering of the LUMO level (Fig. 5) . Note that TTF-Pyoxide 15 was successfully used as an antenna ligand for the sensitization of Yb(III) luminescence through charge transfer. 42 The first oxidation potentials are sensitive to the additional substituents, with an anodic shift for 13 because of the ethylenedithio bridge, a trend also observed in the cases of 8a and 8b. On the contrary, the methyl groups in 17 induce a cathodic shift, and thus the formation of the radical cation species takes place at a lower potential ( Table 2) .
The solid-state structure of compound 13 shows the formation of stacks, with molecules disposed in a head-to-tail fashion and with alternation of the donors and acceptors, where the mean plane to plane distance is 3.7 Å (Fig. 6) . 38 These intermolecular D-A interactions seem to be the driving force for the crystallization of 13, together with CQOÁ Á ÁHC vinyl intermolecular hydrogen bonding, while the N Py atom does not engage in any H bonding. A similar type of architecture was observed in the structure of the meta isomer of 13, where the D-A alternation favoured an eclipsed arrangement of the TTF outer CQC double bonds bearing the amide-Py substituent. Single crystal irradiation of this isomer led to the formation of a cyclobutane unit by a fully regio-and stereospecific [2+2] cycloaddition. 43 Triazines are better electron acceptors than pyridines as the electron acceptor ability of the heterocycle increases with the number of N atoms. Indeed, 1,3,5-triazines can be reduced between À1.1 and À2 V vs. SCE, depending on the substituents, yet the process is hardly reversible (Scheme 4). 44 The interest in this C 3 symmetric platform, which has been used in recent years in the structure of a number of optoelectronic materials, 45 also relies on its facile functionalization by stepwise nucleophilic substitution starting from cyanuric chloride. 46 Accordingly, the reaction of methoxy-chloro-triazines (MeO-Cl-TZ) with the TTF anion allowed the preparation of the ]: a to i, 0 to 6.6 Â 10 À5 mol dm
À3
mixed methoxy-TTF-TZ 18 and 20 in relatively low yields, i.e. 11% and 21%, respectively, while the tris(TTF)-TZ 21a has only been produced in traces. 47 Alternatively, the Stille-type coupling reaction between the MeO-Cl-TZ precursors and TTF-SnMe 3 provided 18, 20 and 21a in much higher yields (75%, 78% and 30%, respectively). 48 Additionally, the TTF-TZ-Cl 2 derivatives 
51
When considering their oxidation potentials (Table 3) , the donor character is clearly diminished compared to pristine TTF, especially in compounds 18-21 and 23-24 with direct linkages between the TTF and TZ units, because of the electron withdrawing effect of the latter. Moreover, the broadened first oxidation process of bis(TTF) 20 and tris(TTF) 21b suggests an electronic communication between TTFs across the triazine platform. The reduction potentials vary in a larger range, with the most anodic being those for 19a-b, which contain Cl substituents. However, in all cases, the reduction process was irreversible.
ICT bands ranging from 473 nm to 592 nm observed for the directly connected compounds were related to the values of the HOMO-LUMO gaps, as calculated by DFT (Table 3) . For example, in the series 18, 19b and 19a, where the same level of theory was employed, the decrease in the theoretical gaps is in agreement with the red-shift of the ICT transition (Table 3 ). This band is strongly blue-shifted in 22 when compared to 21b as a consequence of the separation between the donor and acceptor (Fig. 7) . 48 The case of tris(TTF)-TZ 21b is very interesting as upon the gradual addition of FeCl 3 , a band appears at 2000 nm, reaches a maximum for one equivalent of oxidant, then it decreases, while the intensity of the other TTF + centred bands continue to increase (Fig. 8 ). This near IR band was assigned to an intervalence transition and indicates the occurrence of mixed valence species. 52 The use of NOBF 4 as an oxidant produced similar variations, but the oxidized species were less stable. Interestingly, compound 21b is poorly emissive when excited in the ICT band in chloroform solution, with the emission band centred at 766 nm (Fig. 9) , and its oxidized species are not luminescent, since the ICT transition has been suppressed. Moreover, when considering their multiple broad absorption bands (Fig. 8) , a quenching of any luminescence by energy transfer is likely to occur.
Note that apart from 21b, no other TTF-triazine derivative has been found to be luminescent.
The solid-state structures of 18, 19a-b, 20, 23 and 24 show co-planarity between the TTF units and triazine, with a segregation of the donors and acceptors in the packing of 18, 47 while for all the other compounds, alternating DÁ Á ÁA stacks are observed. 48, 51 Compounds 23 and 24 contain one or two dipyridylamine (dpa) chelating units and were therefore investigated as ligands towards Zn(II) with either ZnCl 2 or Zn(ClO 4 ) 2 precursors. With ZnCl 2 , neutral mono or bimetallic complexes were isolated and structurally characterized, while with the perchlorate salt, a dimeric bimetallic tetracationic complex crystallized. In the latter, the TZ(dpa) 2 platforms acted as bridges between the metal centres, which were each coordinated by four pyridines from two dpa units and two water molecules in a octahedral geometry. 51 The most peculiar feature was the involvement of two ClO 4 À anions in p-anion interactions with the triazine rings, as attested by the short distance of 3.00 Å between one oxygen atom (O1) and the triazine centroid (Fig. 10 ).
Anion-p interactions have been recognized and increasingly investigated over the last decade as important motifs in crystal engineering 53 and supramolecular chemistry.
54
Finally, the strongest electron acceptor of the nitrogen sixmembered series is the tetrazine unit. 55 Besides their reversible reduction into radical anions at relatively easy accessible potentials, 56 due to the low lying p* LUMO, many 1,2,4,5-tetrazine derivatives show fluorescence, arising from a symmetry forbidden n-p* transition. 57 Nevertheless, only two TTF-tetrazine compounds have been described to date, namely TTF-tetrazine-Cl 25 and TTFtetrazine-dipicolylamine 26, synthesized from 3,6-dichlorotetrazine (TTZ-Cl 2 ) by a Stille-type coupling with TTF-SnMe 3 (Scheme 5). 58 Contrary to the TTF-triazine derivatives, TTF-TTZ 25 and 26 show, beside a pair of one-electron oxidation processes i In MeCN. j DFT/PBE0/6-311+G(2df,pd). at +0.50 and +0.93 V vs. SCE, a reversible reduction of the acceptor into a radical anion at À0.45 and À0.93 V vs. SCE, respectively. The cathodic shift in the latter is imputable to the electron releasing amine substituent. Theoretical calculations on 25 were in agreement with a low lying p* LUMO (À3.363 eV) located on the acceptor and with a TTF-based HOMO of the p-type (Fig. 11 ). The n type orbital is only the HOMOÀ2 (Fig. 11 ), whereas in fluorescent tetrazine derivatives, it corresponds to the HOMO. TD DFT calculations indicated that the lowest energy singlet transition occurs at 10 388 cm À1 (963 nm), being an S0 -S1
excitation, corresponding to an ICT from TTF to TTZ. This calculated transition appears in the experimental UV-vis spectrum as a weakly intense tail centred at 12 000 cm À1 (833 nm). Then, the more intense band at 526 nm is also an ICT transition from HOMO to LUMO+1, while the TTZ-based symmetry forbidden transition, calculated at 532 nm, is very likely hidden by the more intense, former band. As observed in other TTZ-donor systems, the fluorescence of the tetrazine unit is reductively quenched. 59 Ligand 26 has been coordinated to a ZnCl 2 fragment, and in the solid-state structure of the resulting neutral complex (26) ZnCl 2 , one of the Cl ligands interacts with the TTZ ring through an anion-p interaction, as previously discussed for triazine-based complexes.
Nitrogen-containing five-membered ring acceptors
Among the azole series, only imidazole (Im) and 1,2,3-triazole (Trz) rings have been directly connected to TTF units in nonfused dyads. Although these heterocycles are not particularly strong electron acceptors, their basicity permits the modulation of the ICT by protonation and alkylation. Moreover, they can coordinate transition metals, especially within chelating ligands. TTF-imidazoles 27 and 28, prepared by a Pd(II)-catalyzed Stille coupling of TTF-SnBu 3 with iodo-imidazoles, were described by Morita et al. 60 The same strategy allowed the preparation of TTFpurine nucleobases, such as TTF-adenine 29 and TTF-guanine 30 derivatives (Scheme 6).
61
TTF-imidazoles are good electron donors, with the oxidation potentials anodically shifted for the TTF-nucleobases as a consequence of the stronger electron acceptor ability of the purine moiety (Table 4 ). The latter indeed show ICT bands at around 430 nm.
61b TTF-Im 27 has been extensively exploited in combination with a number of diverse electron acceptors for the preparation of conducting charge transfer complexes, in which the intermolecular hydrogen bonding between imidazole and the acceptors directs the solid-state architectures and triggers the charge and proton transfer.
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TTF-1,2,3-triazoles (TTF-Trz) as 1,4-(31-32) and 1,5-isomers (33-34) have been synthesized by a click chemistry strategy, involving azide alkyne cycloaddition reactions from TTF-alkynes and benzyl azide, catalyzed either by Cu(I) or Ru(II) catalysts (Scheme 7). 63 In compound 35, the benzyl substituent was replaced by n-butyl by using butyl azide, while the bis(Trz) derivative 36 was obtained starting from TTF-bis(alkyne). 64 The chelating ligands Py-Trz 37 and Py(Trz) 2 38 were prepared from the corresponding pyridine azides by the same Ru(II)-based cycloaddition strategy. 65 The attachment position of TTF to the triazole ring is important, making the 1,4-isomers easier to oxidize than the 1,5-isomers (Table 4) . Interestingly, bis(TTF-Trz)-Py 38 shows a split of 100 mV between the first and second oxidation, indicating a through space communication between the two TTF units. This peculiar feature can be nicely correlated with its solid-state structure, in which the molecule adopts a pincer-like shape with the two TTF units facing each other (Fig. 12 ). Intramolecular hydrogen bonding between the N pyridine atom and vinylic TTF protons may be at the origin of this conformation.
In the UV-vis spectra of all the TTF-Trz, rather high energy ICT bands are observed at 386-415 nm, and were nicely reproduced by TD DFT calculations on 31-34, indicating a moderate electron acceptor ability of the triazol ring (Table 4) . On the other hand, DFT calculations on the same series clearly showed that the LUMOs, relatively high in energy, were only partially delocalized over the triazol rings. 63 However, the basic properties of the sp 2 N atoms allow for protonation and alkylation, thereby inducing a red-shift of the ICT band. For example, TTF-bis(Trz) 36 showed a first bathochromic shift of 14 nm when 1 equivalent of acid was added, followed by a second shift of 22 nm for the second equivalent of HBF 4 ( Fig. 13) . TTF-Trz and TTF-Trz-Py have proven to be suitable ligands towards Cu(II) (33) (34) , 63 Co(II) (37) and Cd(II) (38) centres. 65 Heteroazoles, such as benzothiazoles, benzothiadiazoles and oxadiazoles, are stronger electron acceptors compared to imidazoles and triazoles and, besides, many of their derivatives are fluorescent, thus motivating their association to TTF. Benzothiazoles 39 and 40 (Scheme 8) have both been prepared by Fujiwara et al. from TTF-aldehyde either by condensation with amino-thiophenol or by a Wittig coupling with a phosphonium salt. 66 Directly linked TTF-benzothiadiazoles (TTF-BTD) 41a-c and the bis-derivative 43 were synthesized by a Stille-type coupling between TTF-SnMe 3 and BTD-Br 2 .
67,68 Compounds 42a-b,
with an alkyne bridge between the donor and acceptor, were prepared by Sonogashira coupling. 68 While all the derivatives showed the two reversible TTF-based oxidation processes at potential values of 0.40-0.48 V vs. SCE for the generation of TTF + species, reduction has only been reported for the BTD Scheme 6 TTF-imidazoles and TTF-nucleobases. derivatives. Thus, formation of the radical anions of BTD-TTF occurs between À1.17 and À1.36 V vs. SCE (Table 5) . Clearly, the BTD unit has a stronger electron acceptor character than BT, as evidenced by the red-shift of the ICT band (Table 5 ), but this feature has to be also correlated with the different attachment position of TTF to the acceptor and with the presence of a Br substituent on BTD in compounds 41a-b and 42b. Indeed, for compound 42a, with R = H, the ICT band is blue-shifted and the reduction potential is cathodically shifted when compared to 42b. Interestingly, compounds 41a-c show emission bands centred at l em = 734 nm (41a) and 715 nm (41b-c) (Fig. 14) upon irradiation at l ex = 575 nm, in the 1 ICT region. 68 Insertion of an alkyne bridge in 42a, together with the different substitution of the BTD unit, provokes a massive blue-shift of the emission band to l em = 620 nm, besides that of the ICT band. The presence of the second TTF unit induces a self-quenching of the fluorescence of 43, which is not emissive in THF solution. 68 The solid-state structures of 40, 41a and 42a show a similar pattern, with segregation of the donor and acceptor parts, a feature of much interest for photoconductivity. Indeed, single crystals of 40 show a slight increase in the current upon irradiation with white light. 66 The packing observed in 41a is driven, beside by p-p stacking between the segregated D and A parts, by the formation of dyads through anti-parallel NÁ Á ÁS contacts (Fig. 15) , 67 as commonly observed in the solid-state structures of the BTD derivatives. 69 The coordinating ability of sp 2 N atoms was put to work for TTF-BT 40 in a paramagnetic Cu(II)-based complex, which provided by electrocrystallization crystalline radical cation salts with either AsF 6 À or ReO 4 À anions. 70 Rhodanine, which contains a thiazolidine cycle, has also been well used as an electron acceptor moiety in NLO active chromophores. 71 Martín et al. 72 described a TTF-rhodanine derivative (44) bearing a cyanomethylene group, which showed an ICT band at l max = 498 nm, oxidation potentials comparable to those of pristine TTF and an irreversible reduction of the acceptor. generation of TTF + and TTF 2+ , respectively, together with ICT bands at l max = 453 nm. These derivatives become emissive upon oxidation of TTF to the dicationic state TTF 2+ , with the corresponding emission band centred at 390 nm. The solidstate structure of 45a shows the formation of head-to-head dimers that further interact via the acceptor to afford segregation of the donor and acceptor parts (Fig. 16) . Consequently, photoconductivity measurements have been attempted on thin films of 45a. A cathodic photocurrent was observed, with a photo-electric conversion of 0.26%. Then, the spin dynamics of the photoexcited states of 45a and 46 were investigated by time-resolved electron spin resonance (TR-ESR) spectroscopy in frozen solutions. 75 This showed that a triplet state T1 is populated via inter-system crossing (ISC) from the S1 state, without any indication of a charge separated (CS) state under those conditions.
BODIPY derivatives
Boron-dipyrromethene difluoride (BODIPY) is a very interesting unit that has been included in the structure of numerous compounds possessing fluorescent properties. BODIPY is a chemically robust unit with an intense absorption band at around 500 nm, originating from a p-p* transition, and a corresponding strong fluorescence emission with high quantum yields. 76 Nevertheless BODIPY has only relatively recently been associated to TTF in compounds such as 47-50 (Scheme 10). Interestingly, depending on the linkage between the two units, variable ICT and fluorescence quenching are observed. Compound 47 was prepared by condensation between (MeS) 2 TTF-COCl and H 2 N-Ph-BODIPY. 77 Its D-A character has not been specifically discussed, yet, the lack of conjugation between the two units because of the amide linker makes any ICT from TTF to BODIPY rather unlikely. However, upon the addition of fluoride ions, the emergence of a new broad band centred at 580 nm was observed. The association constant, for a 1 : 1 stoichiometry, determined through UV-vis titration reached a value of 1.2 Â 10 3 , thus demonstrating the very good affinity of 47 for fluoride binding. The new band at 580 nm might have its origin in a charge transfer from the electron enriched phenyl-amide moiety interacting with F À to the BODIPY unit. Interestingly, this compound shows modulation of the fluorescence quenching with the addition of fluoride. It has also been observed that most of the typical BODIPY emission was quenched by intramolecular photoinduced electron transfer (PET) from TTF to BODIPY. In the F À adduct, the efficiency of the PET was improved, possibly thanks to the stabilization of the hole on TTF, thus inducing a significant decrease in the emission. As mentioned above, an excellent affinity and selectivity are observed for the fluoride anion, which engages, according to 1 H NMR titration experiments and theoretical calculations, in N-HÁ Á ÁF and C-HÁ Á ÁF hydrogen bonding. In cyclic voltammetry, a cathodic shift of the oxidation waves accompanies the addition of fluoride (Table 6) , as the positive charge on TTF tends to be stabilized.
Compound 48 was synthesized by condensation between trimethyl-TTF aldehyde and 2,4-dimethyl-3-ethyl-pyrrole, followed by oxidation with DDQ and reaction with BF 3 ÁEt 2 O. Although the two units are directly linked, they are very likely perpendicular to each other because of the steric hindrance, as observed in the X-ray structure of the dithiolethione connected to the same BODIPY moiety. 78 This feature has a determinant role in the absorption properties of 48, since no sizeable ICT occurs because of the orthogonality of HOMO TTF and LUMO BODIPY . Nevertheless, despite the perpendicular arrangement of the TTF and BODIPY units, partial CT should take place, as a red-shift of about 0.15 eV for absorption and 0.22 eV for the emission of BODIPY is observed in 48 when compared to the 8-Ph-BODIPY derivatives. 76 Indeed, a strong fluorescence for 48 with a quantum efficiency of 0.43 has been observed at l em = 581 nm, originating from the BODIPY-based S0 -S1 excitation appearing at l max = 545 nm (Fig. 17) , thus indicating that fluorescence quenching by PET is thermodynamically unfavourable. The partial ICT very likely induces the stabilization of the excited state of 48. TTF-BODIPY 48 presents the classical TTF two reversible oxidation waves at +0.38 and +0.92 V vs. SCE, but also an irreversible reduction centred on BODIPY. Interestingly, the oxidation of TTF does not affect the emission properties of the compound, thus further strengthening the conclusion that the orthogonal units have reduced communication. This could constitute a key element in the preparation of fluorescent molecular conductors by the oxidation of TTF into crystalline radical cation salts.
Compounds 49-50 were reported by Fujiwara et al. and were synthesized either by Stille coupling between p-Br-phenyl-BODIPY and the corresponding TTF-SnBu 3 precursors (49a-c) or by a Wittig-type reaction between TTF aldehydes and the p-tolyl-BODIPY phosphonium salt (50a-c).
79 They all showed the pair of reversible oxidation waves of TTF and reversible reduction of the BODIPY unit at around À0.66 to À0.70 V vs. Ag/Ag + (Table 6 ). ICT was observed as a broad very weakly intense shoulder at 550-700 nm, while the typical BODIPY very strong absorption, originating from HOMOÀ1/HOMOÀ2 -LUMO excitations, appeared at l max = 505 nm ( Fig. 18 and Table 6 ). Scheme 10 TTF-BODIPY derivatives 47-50. The compounds showed fluorescence, with an emission band centred at l em = 510-513 nm, yet the quantum efficiency was less than half when compared to that of p-Br-phenyl-BODIPY (Fig. 18) .
Similar to the above-mentioned BODIPY derivative 47, fluorescence quenching takes place by intramolecular PET, indicating the possibility of accessing a charge separated state in the D-A dyad. The most interesting aspect reported by Fujiwara et al. within this series of compounds concerned the photo-activated conductivity, which the authors investigated by a photo-electrochemical method with an experimental set-up involving a working electrode, a platinum counter electrode and Ag/AgCl as the reference electrode.
Upon irradiation of thin films of the dyads 49 and 50 prepared on ITO/glass substrates which served as working electrodes, the generation of a photocurrent between the working and platinum counter electrode was observed, with values of I max = 1.89 mA cm À2 (49a, 510 nm) and 1.10 mA cm À2 (50a, 520 nm) under a potential of À0.30 V vs. Ag/AgCl (Fig. 19) . No photocurrent was measured for independent thin films of TTF and Ph-BODIPY, clearly indicating the electron transfer from TTF to BODIPY. The photo-electric conversion at 0 V potential and 510 nm was Z max = 0.67% for 49a, compared with that for TTF-PPD (vide supra) of 0.26% at 330 nm. The efficiency of the photo-conductor 50a was lower than that of 49a, i.e. Z max = 0.24%, due to the less favourable electron transfer through the longer bridge. A conductivity increase was also observed upon photo-irradiation of single crystals of 49b, 50a and 50b. TTF-BODIPY 49a was successfully electrocrystallized into crystalline mixed valence salts, formulated as (49a) 2 PF 6 and (49a) 2 AsF 6 . The PF 6 À salt has a half-filled band structure and shows a semiconducting behaviour, with a room temperature conductivity s = 3.0 Â 10 À4 S cm
À1
, probably a consequence of a Mott-type localization; the conductivity was further increased by about 14% upon irradiation with white light. All the above-mentioned observations suggest that the association of TTF and BODIPY appears to be an efficient strategy to access electroactive fluorescent precursors. Some of these dyads also showed the partial quenching of fluorescence depending on the degree of communication between the units and an interesting photo-activated conductivity. absence of an ICT band in the UV-vis spectra as a result of the lack of conjugation between the donor and acceptor units. Furthermore, massive fluorescence quenching of perylene is observed, very likely due to photoinduced electron transfer (PET). TTF-perylene dyads 51a-c 87 and 52 88 were synthesized, respectively, by the nucleophilic substitution of appropriately substituted TTF-thiolate and bromomethyl-perylene and by esterification between TTF acid and hydroxymethyl-perylene. Compounds 51 and 52 oxidize reversibly at 0.61-0.65 V vs. Ag/AgCl for the first oxidation process (Table 7) , values which are anodically shifted when compared to pristine TTF, because of the four thioalkyl substituents. The irreversible reduction of perylene occurs at a relatively low potential, which is in agreement with the moderate electron acceptor character of the unit. As mentioned before, no ICT was observed in the absorption spectra, and the fluorescence was strongly quenched (90-95%) with respect to perylene. The chemical oxidation of TTF into TTF 2+ did not allow the fluorescence switch on, a result which can be explained on the basis of a reverse photoinduced electron transfer from perylene to TTF dication. PDI is a stronger electron acceptor compared to perylene, with the longest wavelength absorption band red-shifted by about 100 nm. The first TTF-PDI derivatives were reported by Zhang and Zhu et al. within triads, such as 53. 89 It has been shown that the two electroactive units behave completely independently, as the oxidation potentials to TTF + and TTF 2+ and the reduction potential of PDI, which is strongly anodically shifted compared to perylene in 51-52 (Table 7) , have exactly the same values as for the separated reference compounds. Moreover, the absorption spectrum shows the characteristic features of PDI and TTF, with no evidence of any ICT band. Thus, here again, (Table 7) , and the maximum of the PDI absorption is at l max = 517 nm. The absorption spectrum practically corresponds to the sum of the separated units, as no ICT band is observed. As for the triad 53, massive fluorescence quenching takes place (B99.7%) through an allowed PET mechanism. The compound was electrochemically and chemically oxidized in order to study the redox modulation of the emission. A slight decrease was observed for oxidation to TTF + , as an energy transfer from 1 PDI* to TTF + can occur (Fig. 20) . However, the fluorescence could only be partially restored upon oxidation to TTF 2+ , either electrochemically (Fig. 20) or chemically by the use of PhI(OAc) 2 /CF 3 SO 3 H as an oxidizing reagent, up to 16% of the intensity of the reference PDI compound. The electrochemical reduction of PDI in 54 led to a total quenching of the fluorescence, this process being then fully reversible upon repetitive oxidation/reduction cycles.
Perylene and perylene-diimide (PDI) derivatives
In the dyad 55 containing an oligoethyleneglycol linker, the modulation of fluorescence was achieved by coordination with Ca 2+ ions. 91 A red-shift of the emission bands and a decrease in the intensity were observed upon the addition of Ca
2+
, a variation which was ascribed to the intermolecular coordination of the metal ion and aggregation, resulting in further fluorescence quenching.
Dyad 56 (Scheme 12) was prepared by Nielsen et al. using the ''click'' chemistry strategy of a Cu(II)-catalyzed azide alkyne cycloaddition (CuAAC) between TTF-azide and PDI-alkyne. 92 While the emission properties for 56 were not reported, its self-assembly on mica surfaces was investigated by AFM, which provided evidence of the formation of microscopic wires, probably driven by p-p stacking of the PDI units.
TTF-PDI 57 with a connection in the ''bay'' region of PDI was reported by Shen et al. 93 Interestingly, because of the close connection between the units, a broad ICT band centred at B760 nm appears in the UV-vis spectrum. The fluorescence of this D-A-D triad is completely quenched, very likely by photoinduced electron transfer. However, upon oxidation to the tetracationic state, the emission was reversibly switched on to reach an intensity of almost 25% of that of a reference PDI compound. Finally, in triad 58 94 with a connection in the ''imide'' region, no ICT was observed in its UV-vis spectrum. In this case the emission was quenched by up to about 93% only because of intramolecular PET. As for 57, chemical oxidation with PhI(OAc) 2 /CF 3 SO 3 H to the tetracationic state induced a reversible switch on/off of the fluorescence, which was restored by up to 35% compared to that of the reference PDI compound.
Scheme 12 TTF-PDI dyad 56 and the triads 57-58. In conclusion of this section, covalent TTF-PDI derivatives possessing long flexible linkers have shown efficient fluorescence quenching through a photoinduced electron transfer mechanism, as a charge transfer process generally does not occur. In some cases, partial reversible restoration of the emission has been reported upon the oxidation of TTF to the dication state.
TTFs with electron deficient hydrocarbon units
Unsaturated hydrocarbons may constitute suitable electron acceptor units, especially when substituted with electron withdrawing groups such as ÀCO, ÀCN or -NO 2 . However, polycondensed conjugated carbocycles already possess a low lying LUMO, ensuring that they have a moderate to strong electron acceptor character. The archetype of the latter is C60 and its derivatives, which have been extensively associated with TTF and ext-TTF and were largely discussed in a recent review. 27 Later, a few other covalent TTF-C60 systems, in which the donor and acceptor either communicate 95 or behave as isolated units, 96 were reported but will not be further detailed herein.
Less extended p-systems, such as perylenes, discussed above, as well as fluorenes have a weaker electron acceptor character, yet they are easy to functionalize and present strong fluorescence. Therefore, fluorenes, for example, have been incorporated in electroluminescent and photoactive materials.
97
The association of TTF and fluorene units was recently reported by Fujiwara et al. in dyads 59a-d, possessing a short saturated linker, and 60a-b, involving a conjugated linker (Scheme 13). 98 The former were prepared by the nucleophilic substitution of TTF-thiolate on bromomethyl-fluorene, while the latter were prepared by coupling TTF aldehyde and the phosphonium bromide salt of methyl-fluorene under Wittig conditions. Both series are good electron donors, with oxidation potential values in the usual range (Table 8 for 59a and 60a), while the reduction centred on fluorene is irreversible. UV-vis absorption measurements on 59-60 clearly showed the role of the bridge on the electronic communication between the two electroactive units. For example, 59a-d presented only bands resulting from the superposition of TTF and fluorene absorption, while in 60a-b new absorption bands centred at 438 nm (60a) and 425 nm (60b), assigned to ICT, could be observed (Fig. 21) .
The occurrence of ICT for 60a-b is also supported by the weaker HOMO-LUMO gap than in 59 (Table 8 for 59a and 60a) , resulting from the massive lowering of the LUMO in the former, which was strongly based on the fluorene unit and the conjugated bridge. The emission intensity of fluorene was only slightly decreased in 59a when compared to pristine fluorene due to negligible intramolecular interaction between the units, while quenching up to 88% occurred for 60a as a consequence of the favourable photoinduced electron transfer (PET). The generation of a photocurrent upon irradiation was investigated on thin films of all the dyads deposited on ITO-glass substrates. The highest efficiencies were observed for 59a (0.38%) and 60a (0.49%) under a À0.30 V bias voltage. Conductivity enhancement upon irradiation was also observed for single crystals of 59d, which presented a segregated D-A structure. The electrocrystallization of 60b was particularly successful as it provided the mixed valence crystalline isostructural salts (60b) 2 Ag(CN) 2 and (60b) 2 Au(CN) 2 , which showed semiconducting behaviour and a slight increase in conductivity upon irradiation.
In compounds 61a-b, the acceptor unit is a semisquarate fragment, owing the electron poor character to the carbonyl groups. For both derivatives, ICT bands were observed at 549 nm (61a) and 529 nm (61b) ( Table 8 ) and, interestingly, they showed non-negligible conductivity in the neutral state on a single crystal (0.5 Â 10 À6 S cm À1 for 61a) as well as on compressed pellets (61b). 99 These results open ways for the further development of semisquarate-TTF dyads conducting materials. Dihydroazulene (DHA) was attached to TTF via an ethynylphenyl spacer in compound 62 in order to investigate the redox modulation of the photoswitching process to provide a ring opening of DHA towards the metastable vinyl-heptafulvene (VHF) species (Scheme 14). 100 TTF-DHA 62 was prepared by a Sonogashira coupling between TTF acetylene and the iodo-phenyl derivative of dicyano-DHA. The efficiency of the light induced ring opening of DHA to VHF was reduced more than twice in the radical cation 62 + compared to the neutral species, possibly because of a photoinduced electron transfer from DHA to TTF + . This hypothesis was supported by the presence of an ICT at 480 nm in 62 (Table 8) , which is indicative of the coupling between the two units. Cyano-rich conjugated fragments constitute excellent electron acceptors, as exemplified with compounds 63-65 (Scheme 13). The TTF-appended 1,1,4,4-tetracyanobuta-1,3-diene (TCBD) derivative 63 was obtained as a deep blue solid by an interesting [2+2] cycloaddition-electrocyclic ring opening sequence between TTF alkyne and tetracyanoethylene (TCNE). 101 The single crystal X-ray structure showed an orthogonal arrangement of the two dicyanovinyl (DCV) moieties, with, however, co-planarity between TTF and the directly connected dicyanovinyl, thus ensuring efficient charge transfer. The broad ICT band centred at 767 nm in the absorption spectrum (Table 8 ) was attributed to a HOMO TTF to LUMO TCBD (Fig. 22 ) transition based on the TD DFT calculations. The close proximity of the acceptor to TTF induces a strong anodic shift of the TTF oxidation potentials to +0.64 and +1.07 V, while the first reduction potential of the donor appears at À0.23 V (Table 8) . DCV units were attached to TTF at the end of acetylenic spacers in derivatives 64-65 prepared by Nielsen et al. via a Sonogashira coupling of TTF iodo or diiodo derivatives and the protected alkyne-aldehydes, followed by Knoevenagel condensation with malononitrile. 102 The longer separation between DCV and TTF led to a cathodic shift of the TTF first oxidation potentials when compared to 63 (Table 8) and a blue-shift of the ICT bands, which still appeared at a rather low energy, i.e. 677 nm (64) and 743 nm (65) . The push-pull chromophores 66-67 containing p-nitrophenyl units were prepared by Nielsen et al. using a Scheme 13 TTF-acceptors 59-67. Sonogashira cross-coupling between TTF-ethynyl and appropriate bromo-vinyl precursors. 103 The bis(TTF) compound 67 exhibited reversible two electron oxidation processes and a strong red-shift of the ICT band, appearing at 661 nm, when compared to both the isomers of 66 (Table 8) . Most interestingly, the former showed a high third-order optical nonlinearity, comparable to other aryl tetraethynylethene (TEE) derivatives.
TTF-radical dyads
Connecting TTF to a radical electron acceptor species either by a direct link or across a conjugated bridge affords dyads in which thermo-or solvent-controlled equilibrium between the neutral radical and zwitterion radical forms may occur as a consequence of an internal electron transfer (IET) process. Additionally, depending on the experimental conditions, the formation of intermolecular TTFÁ Á ÁTTF dimers may take place, thus leading to exceptionally rich systems, in which the spin distribution and supramolecular aggregation are finely tuned (Fig. 23) . 104 Stable radical units particularly adapted to covalent association with TTF within D-A dyads, such as 2,5-di-tert-butyl-6-oxophenalenoxyl (6OP), 105 are strongly stabilized by delocalization and steric hindrance thanks to the t-butyl groups, and perchlorotriphenylmethyl (PTM), 106 one of the stable derivatives of Gomberg's radical triphenylmethyl. Note that TTF-verdazyl dyads have been reported as well; 107 however, donor-acceptor issues have not been addressed in this case as the verdazyl radical does not possess an electron acceptor character.
TTF-6OP radical 68 (Scheme 15) was prepared by Morita et al. through a Stille coupling reaction between TTF-SnBu 3 and iodo-dimethoxy-phenalenone, followed by deprotection and oxidation steps. 108 Cyclic voltammetry measurements showed the pair of TTF oxidation peaks together with the reversible reduction of the 6OP radical at a relatively high potential value (Table 9) . Interestingly, this reduction was further anodically shifted upon the addition of 1,1,1-trifluoroethanol (TFE), thereby showing the stabilization of the 6OP anion by intermolecular hydrogen bonding with TFE molecules, which interact with the carbonyl group of 6OP.
In the absorption spectrum in CH 2 Cl 2 solution, the weak band centred at 1315 nm was assigned to ICT, while the sharp peak at 414 nm was assigned to the 6OP radical. In TFE solution, the UV-vis spectrum of 68 was completely different, showing a change of the solution colour from orange to green, with the appearance of a band at 605 nm, indicating the presence of the TTF + -6OP À zwitterionic type structure b (Fig. 23) . The solvent-controlled equilibrium between the neutral radical a and zwitterion b species was also evidenced by solution EPR measurements. According to the extremely well-resolved hyperfine structure at 290 K with a g value of 2.0047, the radical form was observed in toluene, whereas in TFE, the zwitterion was favoured, as shown by the downfield shift of the absorption at g = 2.0082, with the signal containing nearly three equivalent 1 H couplings, indicative of TTF spin bearing (Fig. 24) . Interestingly, the equilibrium could also be controlled by temperature, as seen with a solution of 68 in a mixture CH 2 Cl 2 : TFE 199 : 1, which showed the pattern of 68a at room temperature, the one of 68b at 243 K and an intermediate state consisting of the superposition of the two EPR spectra at 263 K. Thus, the general picture for this system is spin distribution and IET control accompanied by thermo-and solvatochromism (Fig. 25) . 109 The stabilization of the zwitterion species 68b was further supported by temperature variable cyclic voltammetry measurements and theoretical calculations. 109 The latter suggested that the establishment of hydrogen bonding between TFE and 68 Scheme 14 Dihydroazulene (DHA)-vinyl-heptafulvene (VHF) equilibrium in 62. through the OH and CO groups, respectively, is a determining factor to control the spin distribution in the dyad (Fig. 26) (70) and the methyl-phosphonate of the protonated form of PTM, followed by deprotonation and subsequent oxidation of the anion with silver nitrate. Cyclic voltammetry measurements showed a reversible oxidation for TTF into a radical cation and dication species with a slight anodic shift for 69 compared to 70, this very likely being a consequence of the longer bridge in the latter, together with the reversible reduction of PTM into a radical anion (Table 9 ). In the UV-vis spectra, both compounds showed a low energy band at around 900 nm for 69 and 800 nm for 70, which could be assigned to the intramolecular electron transfer (IET). This process is finely tuned by the nature of the solvent, as nicely shown by the solvatochromic effect and naked-eye-visible colour change for 69 in CH 2 Cl 2 , acetone and DMF (Fig. 27 ). In CH 2 Cl 2 , the spectrum is typical for a neutral PTM radical, whereby in DMF the compound mainly exists as a PTM anion, while in acetone both forms are present. Variable temperature EPR measurements in different solvents indicated that in DMF solutions at room temperature and below, compound 69 exists as a p-dimer (form b in Fig. 23 ) due to TTF + dimerization into diamagnetic pairs, as suggested by the EPR silent spectrum at 293 K. However, upon heating up to 375 K the dimer dissociates into separated radicals, according to the process illustrated in Fig. 28 .
111
Further EPR and UV-vis spectroscopy studies focused on the oxidized and reduced species of 69 as well as on their intermolecular aggregates. 112 Dyad 70, characterized by single crystal X-ray diffraction, shows segregation in the solid state of its D and A parts with a regular stacking of pyrrolo-TTF units. 110 Contrary to 69, the presence of the zwitterionic state 70b was observed only partially in DMF, probably due to the weaker electron donor ability of TTF in 70 compared to 69.
In conclusion, TTF-radical dyads with strong coupling between the two units represent valuable precursors for new multifunctional materials, showing bistability and control of the spin distribution, and, possibly, orientation.
Conclusions and outlook
In this feature article, we reviewed the main families of nonfused TTF-acceptors reported in the literature since 2004, when the previous extensive review on this topic was published, 11 with a special focus on their specific properties, such as electronic communication between the units, intramolecular charge transfer and its modulation by protonation, coordination, solvent, modulation of the emission properties and quenching mechanisms, photo-activated conductivity, control of the spin distribution, etc. Much progress has been achieved since the seminal theoretical work of Aviram and Ratner on TTF-s-TCNQ, 17 especially regarding the diversity of TTF-acceptor families proposed to date in the literature. Depending on the nature and specific properties of each acceptor, such as its electronic character, coordination ability to metal centres, basicity, emission, spin localization, etc., diverse properties and their modulation have been targeted by the research groups working in this promising and stimulating area at the interface between organic synthesis, supramolecular chemistry, coordination chemistry, photophysics and condensed matter physics. The families of compounds discussed herein have been classified according to the type of acceptor, which also determines the focus of the investigations. TTF-pyridines are excellent electroactive ligands and show modulation of the ICT by protonation and coordination. In TTF-triazines and -tetrazines, the donor-acceptor character has been combined with coordination ability through the introduction of chelating ligands. TTF-heteroazoles are interesting precursors for molecular photoconductors. When excellent fluorophores such as BODIPY and PDI are associated to TTF, partial to total emission quenching is observed due to photoinduced electron transfer (PET). However, the luminescence can be partially restored upon the oxidation of TTF, thus providing redox switchable systems. Unsaturated or aromatic hydrocarbons functionalized with electron withdrawing groups, such as CO, NO 2 , CN, constitute suitable acceptors in combination with TTF units and derivatives, which have proven to be of interest in nonlinear optics. Electron poor stable radicals, such as 6OP and PTM, have been attached to TTF within neutral radical dyads, which have demonstrated a rich solvato-and thermochromic behaviour combined with spin distribution control. Although many of the results reported on the compounds discussed herein will remain at an academic research level, their study allows acquiring new knowledge and a greater understanding about the fundamental processes occurring in molecular systems, such as electron and energy transfer, the mechanism of fluorescence quenching, the role of D-A interactions and crystal packing in photo-activated conductors and spin transfer. This new information will certainly strongly contribute to the development of molecular electronics and spintronics, actuation and sensing, molecular conductors and magnets. In molecular electronics, for example, donor-acceptor-based materials for organic field effect transistors (OFET) with ambipolar charge transport properties 113 another property which seems underexploited to date, in spite of the several examples we have mentioned throughout the present manuscript. The potential of TTF-acceptor based materials as photoconductors, either as single crystals, thin films or supramolecular aggregates, possibly combined with other properties, is worth deeper investigation.
